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SYNOPSIS 

If the pile is not instrumented separate measurements of 
shaft and base loads are not possible. Reasonable estimation 
of shaft resistance and base resistance separately from an 
ordinary load test will be useful as instrumentation of piles 
are expensive. Model pile ■■ tests are useful to evaluate the 
shaft resistance of piles in tenns of lateral pressure at the 
pile-soil interface, 

A series of tests have been carried out on model piles 
in different samples of soft clays and calcarean sands. The 
practical relevance of this study is that piles are mostly 
needed in off-shore structures, where sands or soft clay are 
encountered. 

A triaxial cell has been modified and used to conduct 
the experiments. The samples were prepared with a pile 
inside and the pile is axially load-tested. The bottom end 
of the pile was free to move so that lio end resistance was 
offered. 

The calcareous sands offered* a lower frictional resistance 
compared to other sands. The effects of strain rate on shaft 
resistance of piles in clays were studied by a sufficient 
number of experiments. Rough piles in sand showed a significant 
increase in shaft resistance. 



xi 


The inverse slope method (Chin, 1972-' 77) was used to 
analyse ¥hitaker’s pile load test data and was found to be 
unreliable for those data. A new empirical procedure to 
estimate shaft resistance of piles is proposed using elastic 
solutions provided by Poulos and Davis (l980). 



CHAPTER 1 


IITRODUCTIOH 

Any foundation should serve the quality of transmitting 
loads or forces to the ground without excessive settlement. 

It may either be a structure i^diich directly bears the load 
or a pile foundation. Direct bearing foundations or shallow 
foundations are constructed as a spread, under the structures 
to transmit the loads to the soil. Waen the soil is weak 
or compressible, and of considerable thickness, piled founda- 
tions are necessary to carry the load to an underlying hard 
or stiff stratum through the weak layer. In the case of soft 
clay or peat, xfhich are expensive to remove or to excavate ■ 
piled foundations are the proper solution. Piles may be 
required to carry uplift loads when used to support tall 
structures which are subject to overturning forces. 

When the piles are being used in deep beds of clay or 
other medium stiff soils, it is mainly supported by adhesion 
or frictional action of the soil on the shaft surface. These 
piles are termed as friction piles or floating piles. When 
a pile is taken to a hard underlying stratum, most of the load 
is taken by point -bearing; hence the teim end or point- 
bearing piles, In most of the cases, a pile driven into "^he 
soil transmits the total load both by base and shaft resi- 
stances in various proportions. 
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Many research programmes, particularly during liLe last 
25 years, have provided foundation engineers with much of the 
information they need to design and construct individual or 
a group of piles. lynamic formulae, and static formulae 
based on total and effective stress principles, were developed 
to predetermine the load carrying capacity of piles, or to 
estimate the ultimate capacity of the piles driven into the 
ground , 

Research was carried out to study the behaviour of a 
pile under any type of load and to furnish the most 
reasonable design methods, large number of instrumented 
piles were load-tested to find a rational way of analysis. 
Model pile tests were proposed to provide a substitute for 
the field- load-tests. 

In Chapter 2 a brief review of the work on prediction 
and measurement of the pile capacity is given. Mainly the 
work on axially loaded piles is considered. 

The model tests conducted by others in the field are 
reviewed in Chapter 5. The details of the model pile tests 
conducted in the present study are also presented in the 
same chapter. Tests were conducted with a view to identify 
the factors affecting the frictional capacity of the piles. 

Two types of calcareous sands classified as sand A and B were 
used in the present study. The present work included the 
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study of two clays. Clay C and C in which model piles were 
test loaded. The physical properties and strength characteri- 
stics of the soils also are described in Chapter 3. 

Since the purpose of the test programme was to relate 
the pile capacity to the pile movement and it was found that 
this could he done best by using constant rate penetration test, 
of the two types of pile load testing, vis., Maintained load 
(Ml) test and Constant Rate of Penetration (CRP) test, (Coyle 
and Reese, 1966), the latter was adopted. 

In the analysis of the pile load test data, the main 
idea is to study the shaft resistance and base resistance 
individually so that a better prediction of total load 
carrying capacity is possible. So, in the model tests 
conducted a purely frictional pile was considered. This 
was possible by leaving a free space below the pile for the 
movement of the same. 

The methods suggested earlier to separate total load 
into shaft resistance and base resistance are reviewed in 
Chapter 4. Pile load test data in london clay furnished 
by Whitaker and Cooke (1966) are analysed in the same 
chapter. Axi attempt was made to analyse Vftiitaker's date 
using the hyperbolic stress-strain relation to separate 
total ultimate resistance into shaft and base resistances, 
as suggested by Chin (1972,1977). 
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1 semi-empirical procedure to estimate the shaft 
resistance out of a total load-settlement data is proposed. It 
consists in the use of elastic solutions for pile foundations 
provided hy Poulos and Davis to calculate the modulus of 
subgrade reaction at the base of the pile and an estimation 
of the movement of the pile by which the full shaft resi- 
stance is mobilised. 1 movement of 0.367 percent of ^aft- 
diameter (average) is found to be adequate for the mobili- 
sation of ultimate shaft resistance for the piles in London 
Clay. This value of 0,367 percent is valid for the piles 
with enlarged base also, 

Heferences are given at the end of the thesis. 
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LITERATURE REVIEW 


2.1 INTRODUCTION 

Literature on prediction and estimation of the load 
carrying capacity of a pile is very extensive. Considerable 
work has been done to predict the pile capacity based on 
the soil properties, which resulted in a number of ’static’ 
formulae, called so in order to distinguish them from the 
’dynamic' formulae. 

The analytical problem presented by a pile installed in 
real soil and then subjected to loading is one of the 
extreme complexity. Experiments on axial load capacity of 
piles are reviewed here and static formulae are given more 
emphasis than dynamic formulae. 

2.2 DYNAMIC EORT^ULAE 

All dynamic formulae owe their existence to the 
assumption that the resistance for driving the pile is 
equal to the ultimate bearing capacity of the pile under 
static loading. Most of the driving formulae (dynamic 
formulae) are based on energy concept. Empirical formulae 
have been proposed based on data collected from pile driving 
(Whitaker, 1970). 
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A dynamic relation based, on wave equation was proposed 
by Smith (1962) and many have improved on this method. 

However, Tomlinson (1977) is of the firm opinion that 
there is no place for dynamic formulae in the calculation 
of the ultimate resistance of piles. 

2.3 STATIC POEMUIAE FOR AXIAL LOAD CAPACITY 

Static formulae for predicting the ultimate resistance 
of a pile ane based on the properties of the soil. The basic 
equation for the pile capacity in the 'static' calculations 
is 

where 

- ultimate total resistance 

- ultimate base resistance 

Q - ultimate shaft resistance 

3 

¥p - weight of the pile 

As W is negligible compared to Q the equation (2,l) is 

jJ vt . 

modified to 

9u = % + (2.2) 

As the behaviour of the loaded pi?..es in cohesive soils 
and cohesionless- soils are different, and most of the work 
was done either on cohesive soils, or on cohesionless soils; 
they are discussed separately. 
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2.3.1 Cohesive Soils 

The basic equation for the ultimate resistance of a 
pile in cohesive soils may be considered as 


% h, * \ 


(2.3) 


where 

U - bearing capacity factor, 

c^ - undrained cohesion at the level of the base, 

- area of the pile base, 

C - circtmiference of the pile shaft, 

I - length of the shaft, 

c - average adhesion between pile and soil. 

Si 

Meyerhof (l95l) has shown theoretically that the value 
of W is approximately equal to 9 provided the pile is driven 
to a depth of atleast 5 times the pile diameter. Tomlinson 
(1957) observed that the adhesion expressed as percentage of 
the undisturbed cohesion of the clay falls with increasing 
stiffness of the clay - from lOO in very soft clays to 20 in 
very stiff clays. 

Around i960 several authors (Zeevart, a.o.) proposed 
the use of effective stress approach to determine the side 
friction in clays, which can be expressed as 

f = K , t an 6 a ' 
s V 


(2.4) 



where 
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f - unit skin friction 
s 

K - lateral earth pressure coefficient 
6 - friction angle between shaft and soil 

- effective vertical stress at any depth. 

In investigation by Whitaker and Cooke (1965,66) on 
bearing capacity of large bored piles in London clay showed 
that the maximum shaft resistance was reached at a displace- 
ment less than one percent of the shaft diameter, while the 
maximum base resistance was reached at a displacement of 
the order of 10 percent of the diameter of the shaft, 

Williams and Col.eman( 1965) suggested a relation 
between the ultimate resistance and the lower limit of the 
undrained shear strength, at any depth L as : 

o 

where 

- radius of the pile base 

- undrained shear strength at the pile base level 

a - a factor with a value in the range 1.0 to 1,15 

Based on total stress analysis Whitaker and Cooke (1966) 
furnished an expression for ultimate resistance for bored 
piles, with or without enlarged base, in London clay as : 

Qu + Wj, = 7U dg I a 0 + I 0^ + y^D) 


( 2 . 6 ) 
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where 


s 

C ^ C, 


D 


diameter of the shaft, 

mean shear strength obtained by labora.tory 
te st s • 

the unit i^eight of the soil , 
depth of the base from ground level. 


Coyle and Reese (1966) suggested an analytical procedure 
to compute load-settlement curves for axially loaded piles. 

It consists of analysing the pile as a number of elements 
which are considered to be in a state of eqtiilibrium and 
solving for the side friction and base resistance. 

Mattes and Poulos (l97l) analysed elastic responses 
and presented curves to predict the pile movement,, or the 
movement of the pile groups. Thby conducted a series of 
model pile tests (individual and group) in Kao line with piles 
of different stiffness. 


Bur land (1973) suggested the use of the relation, 

fg = P (2.7) 

where the values of p range from 0,25 to 0,4 which were 
obtained from various pile load test data on clay and an 
average value of 0.32 for p was obtained. 

Yijayvergiya and Pocht (1972) (T^method) included the 
xindralned strength, in the expression to form the 
relation. 
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f3 = ^ + 2SJ (2.8) 

where is a f-unction of the length of the pile. 

Bjerrum (l973), based on Hvorslevs' parameters tp^^and X 
proposed the following equation for side friction. 

(a,9) 

where 

- coefficient for time rate effect, 

- effective horizontal stress, 

IX - mobilization factor for tbe frictional 
resistance, 

P' ~ equivalent consolidation pressiire. 

Taking into consideration, the effect of the mobilized 
friction, along with the effective stress parameters, 

Janbu (1976) arrived at the relation 

fg = S^(a^ + a) (2.10) 

where 

- a function of friction angle and depth, 
a - adhesion which is equal to c/tan 6 

A reduction in mobilized side, friction with increased 
pile length has been noticed by several authors (7i jayvergiya 
and Bocht, 1972; Janbu, 1976; Meyerhof, 1976), 
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Plaate and Seines (l978) proposed an eq^uation 


= (L+20)/(2L+20) (2.11) 

where is the reduction factor for the effects due to the 
pile length, L in feet. They suggested the equation 


fg = a; tan <Pg + >(0^ + 5 S J ] (2.12) 

where E is the coefficient of earth pressure, and 9 and 
are Hvorslevs' parameters. 

Vijayvergiya (1977) predicted the skin friction - pile 
displacement ciirve, based on an analytic relationship deve- 
loped earlier by himself as ; 


f 


s 


= f 
max 


(A„ fZ/Z^ - Z/Z^) 


( 2 . 13 ) 


where 

fmov - maximimi unit friction, 

Z_ - critical displacement at which f is mobilized 

° and Z < Z„ 

— c 

Por clays, values of and are 2 and 1 respectively. 
For drilled shafts may be obtained from the relation 

UIHA 


f = ac 
max 


(2.14) 


where a is a reduction factor 
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The base resistance q at any pile displacement Z could 
be related to maximum base resistance as ( Vi jayvergiya, 

1971) : 

9 = (2-15) 

where 

9max * ^c clays 

Most of the work by Poulos and Davis (1980), presented 
in the form of design carves, can be readily used. They 
presented analysis of pile groups as well as of individual 
piles in all types of soils. 

Kraft, Pocht and Anera Singhe (l98l) examined the 
influence of pile length on frictional capacity in clays, 
to place the length effect in proper perspective. They 
considered mainly the offshore structures that are supported 
by open-ended pipe piles of large diameter driven to great 
depths. Out of various factors that contribute to length - 
effect, the authors felt that the major contribution is by 
the strain-softening phenomena and the lateral pile 
movements during installation. 

After analysing various methods available iCraft and 
others concluded that the empirical relation given by 
Vijayvergiya and Focht ( 1972) ,( equation (2.8) , lambda method) , 
provides the most consistent and reliable single method for 
estimating the axial capacity of piles in both NC and OC clays. 
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2,3.2 Cohesionless Soils 

The classical formulae for calculating ultimate bearing 
capacity of piles in cohesionless soil is of the same form 
as equation (2.l), 

\ f tan 6 (2 ,t6) 

where 

= bearing capacity factor, 

- area of the base, 

Ag - area of the shaft, 

6 - effective friction angle between pile and soil. 

Values of IT have been established by lerzaghi and 
Peck ( 1967 ), Meyerhof (1951) and Berezantsev ,et al, (l96l) 
based on different assimptions for different modes of 
failure . 

Van Der Veen (1957) proposed the use of Dutch Cone- 
Penetrometer for the prediction of the ultimate base 
resistance allowing a factor of safety of 2,5. 

Gregersen, Aas and Dibiagio (1973) found the pile base 
resistance was only half the cone-resistance for loose and 
medium through coarse sands in Norway. Grutenian (l973) 
reported that a factor of 0.75 may be used to obtain the 
ultimate base resistance of piles in silty sands in Russia, 
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Tomlinson (1977) suggested that a factor of safety of 
2,5 "be used to obtain the allowable base resistance from a 
Dutch-Cone -penetration data. 

Nordl'und ( 1963 ) studied the behavioiir of driven piles 

in cohesionless soil to identify the factors affecting the 

frictional capacity, Prom further studies (1965) be concluded 

that the values of N furnished by ^^erezantsev best conform 

q 

to the practical criteria for pile failures ( Tomlinson 1 977 ) . 

The skin friction in case of driven piles in cohesionless 
soils can be calculated by using the coefficients given by 
Nordlund (l 965 ); 

Qg = i Kg tan 6 (2.17) 

He suggested values for 6 in terms of the total friction 
angle 9 of "liie soil and the values with the relative 
deUvSity, 

Tomlinson (1977) found that. NordLudd Is method is not 
valid beyond a penetration depth of 20 diameters for a 
straight pile, 

Gregersen et al. (1973) concluded, after analysing pile 
load test data in loose sand, that there was no significant 
difference in the bearing capacity for a qjr lindrical and a 
conical pile of equal length and top diameter. He found that 
the bearing capacity of a pile in homogenous and loose sand 
deposit to increase linearly with embedded pile length. 
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Touma and Reese (1974) suggested that the skin 
friction can be calculated from equation (2.17), using a 

value of 0,7 for K and taking the effective angle of 

s 

resistance of the soil as 6 . They explained the total skin 
friction as the siimmation of the skin friction over the 
pile length. The ultimate resistance can be calculated as 
that resistance which results in a settlement of 25 mm, 
given by the expression 


o *'50A^ 

% " ^ B ^‘lu 


( 2 . 18 ) 


In metric units the values for q^ varies as zero in loose 
sand and 3830 kg/ cm in dense sand. 


Potyondy (l 96 l) on the basis of general friction theory 
suggested that in the case of skin friction, stress-strain 
curves can be derived from 


where 



tan 6 [l - exp(-lc g% 3 ) ] 


(2.19) 


k' - a constant for the soil 
S - pile movement 

S - the critical pile movement at which the full 
o 

shaft friction is being mobilized. 


Various experiments were conducted to find Ihe value of 
6 in terms of 9 of the sand, and the value of S^, expressed 
as percent of pile diajneter. 
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Coyle and Reese (1966) found the best relations for 
shaft resistance and base resistance as ; 


f = o' K tan 6 
s V 


( 2 . 20 ) 


<lv = cr' IJ 
^b V q 


( 2 . 21 ) 


for reasonably accurate evaluations of K, 


6 and , 
1 


Chin (1972) suggested the inverse slope for predicting 
the ultimate bearing capacity of piles for pile tests 
carried out to sufficiently large movements. 


Work on separation of the total u3.timate load into 
skin resistance and base resistance is reviewed in Chapter 4. 


2.4 LATERllLY LOADED PILES AI^ID PILE GROUPS 


Bulk of the work done on laterally-loaded piles were 
based on lateral earth pressure theory. But the research 
has not yielded any simple design method which can be 
universally applied to any soil, or type of pile. Research 
was done on the basis of bending moment theories (Poulos 
and Davis, 1980). Model tests were conducted by several 
authors (Eubo, 1965; Poulos and Davis, 1980; and others) to 
find expressions for the ultimate bearing capacity of piles 
under lateral loads. 

The behaviour of a group of piles considerably differ 
from that of individual piles. Much research has been done 
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on model pile groups and fullscale pile groups. It is found 
that the total capacity of the group may not be the sum of 
the individual capacities. Research was conducted to evaluate 
efficiency of pile group with respect to individual piles. 





CHAPTER 3 


MODEL STUDIES 

3.1 INTRODUCTION 

The prediction of pile capacities is a continually 
recurring problem for engineers. The most conventional 
procedure for finding out the capacity of a pile is to 
conduct a field loading test at the site and correlate the 
information thus obtained to predict the capacity of other 
piles at the same site. Erom a field test, only the overall 
response is available and it is difficult to separate 
shaft and base resistances. 

Model tests conducted in the laboratory may be helpful 
to arrive at the nature of the load~settlement relation, 
and can be directly used to predict the field capacities. 
Model tests on pile for shaft resistance or base resistance 
alone can be conducted separately. Coyle and Reese (1966) 
suggested to use a triaxial test apparatus to conduct model 
tests on piles for shaft resistance only. 

A series of model tests were conducted in remoulded clay 
and medium dense sand to simulate a segment of a long pile. 
The sands tested were calcareous derived from Gujarat. The 
clays tested were also received from Gujarat, 

The present study was done to identify the factors that 
affect the shaft resistance of a pile. 



19 


3.2 BRIEF REVIEW OF EARLIER WORK 

Potyondy (l96l) carried out several laboratory shear box 
tests with various construction materials, surface conditions, 
various types of soil at different moisture contents and under 
different normal loads between the friction surfaces. He 
used strain controlled and stress controlled shear box to 
study the influence of various factors that affect the 
shearing resistance and concluded that the shearing resistance 
varied with the change of moisture content. For rough con- 
crete piles he found that the value of interface friction 
angle reached almost equal to the angle of shearing 

resistance of the soil and in every case skin friction was 
lower than the shear strength of the soil. 

Whitaker and Cooke (l96l) conducted a series of tests 
using small piles in London clay and found that the shaft 
resistance was mobilized at small movements, Bventhou^ 
the tip of the pile was in the soil mass, the resistance 
offered by the tip is appeared to have been neglected. 

Coyle and Reese (1966) used conventional triaxial cell 
with proper modifications for conducting large scale model 
pile tests in clay, in such a manner that the effect of depth 
could be simulated. Tests revealed that a definite linear 
relationship exists between load transfer and pile movement 
for small movements. The shaft resistance reached a peak 
value at smaller movements (in the range of 9 to 13 percent 
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of the pile diameter) and then dropped off to a constant 
residual value at larger movements. 

Coyle and Sulaiman ( 1967) perfomed the same type of 
model tests on saturated sands using the same experimental 
set up used by Coyle and Reese. In the case of saturated 
sand the skin friction reached a maximum value at analler 
movements of the order of 3 to 5 percent of iiie pile diameter 
and then dropped off.- It was observed that the skin friction 
continued to increase, but at a small rate, for larger pile 
movements. 

The results of a series of model pile tests in Kao line 
conducted by Matts and Poulos (l97l) showed a good agreement 
between predicted and observed pile settlements lidiere the 
predictions were based on elastic theory. To study the 
effect of pile compressibility on the pile movement, two piles 
made from a plastic material were also tested. They concluded 
that the elastic theory, if used judiciously, can adequately 
predict the settlement of pile foimdation. 

Hanna and Tan (1973) conducted compression loading tests 
on long model piles of diameter 24.4 mm and length 1800 mm 
in compacted sand. The shaft friction was mobilised when the 
pile movement was 2.5 percent of the pile diameter. As the 
pile tip was resting in the soil, the tip could have offered 
resistance which appears to have been neglected. 
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Clemence and Brumund (1975) conducted a large scale 
model test of drilled concrete pier in sand. The interface 
friction angle was determined from a series of direct shear 
tests ^d-th 2.5 inch diameter circular direct shear test 
device. The model pier was instrumented with strain 
gauges at different levels to study the effect of the 
effective lateral pressure. He observed that the shaft 
resistance-displacement relation is hyperbolic but the 
asymptotic value gave a slightly larger value. 

Bee (1975) conducted a series of laboratory rod-shear 
tests on silty clay with l/2 inch diameter steel rods 
and came up with a conclusion that the skin friction is 
primarily a function of the effective lateral presstire 
between the pile and the surroxmding soil, and secondarily 
related to the roughness of the pile, the soil type and 
very much insensitive to the rate of loading. The movements 
at peak adhesion were typically between 1 to 4 percent of 
the pile diameter. A unique relationship was found to exist 
between moisture content and the logarithm of effective 
lateral pressure, as well as shear strength and interface 
strength. It was found that the interface strength was 
approximately equal to the unconfined compressive strength 
of the surrounded soil for smooth and rough piles. 
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Holmquist, Thompson and Matlock (197^) conducted a 
series of model pile tests on NC and OC clays to study the 
factors that affect the resistance -displacement relationship, 
which include installation effects, confining pressure, pile 
surface conditions and local consolidation due to driving. 

The peak sta,tic skin friction was found to be equal to 
1.5 times the remoulded undrained rane shear strength. They 
describe the lab test, referred to as triaxial rod shear 
tests, as an alternative method which is Less expensive 
compared to field tests to find out load— settlement relation- 
ships. They concluded that for static loading the amount 
of time allowed for local consolidation affects the pile 
capacity considerably. 

3.3 EiPESIMBNTAl SET UT 

The experimental set up used for the- work is very 
similar to the one used by Coyle and Eees;e (1966,67). in 
element of a long pile embedded at depth was considered and 
simulated by a pipe of small diameter surrounded by soil. 

A large triaxial cell was used which, can itocommodate speci- 
mens of 10 cm diameter and 20 cm height. The whole system 
consists of the following : 

3.3.1 Triaxial Cell 

A cell of 165 m diameter and 500 mm in height was 
used with frictionless piston assembly. Et had an outlet 
to allow drainage and an inlet to connect to cell pressure. 
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Figure 5*1 shows the details of the cell with the soil 
specimen. 

3.3.2 Self Compensating Mercury Control System 

This system was used to apply and maintain the cell 
pressure during the test. The pressure of water in the 
triaxial cell results from the difference in the level 
between the mercury surfaces in two small cylinders 
connected by a thin flexible pressure tube as described by 
Bishop and Henkel (1962). 

3.3.3 Strain Controlled Loading System 

A standard loading machine in which desired strain 
rates could be set was used to conduct the experiments. It 
consists of a fixed loading frame with a provision for 
proving ring to measure axial load and a base on which 
triaxial cell can be placed and which can, be moved up 
and dowa. at any rate desired using a gear and toothed wheel I 
configuration. 

3.4 SOILS CONSIDERED AND CONVENTIONAL TEST DETAILS I 

Two types of sands and clays were considered for the study.; 
Tests were conducted to classify and to find out the strength 
parameters of these soils. 
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3.4.1 Soils Considered 

Types of sand considered are classified as sands A and 
B and clays tested are denoted as clays C and D, Geograpliical 
location. General appearance and the depth from which Ihe 
samples are collected are given in Table 3.1. 

Table 3.1 

Description of the Soils tested 



Soil Type 

lo cation 

Appearance 

Depth from 
ground level 
metres 

Sand A 

Calcareous 

Hear Okha 
light House, 
Gujarat 

rounded and 

angular 

particles 

0 

Sand B 

Calcareous 

South east 
Okha 

Gujarat 

mostly 
angular 
parti cle s 

0 

Clay C 


Dwaraka 

Bet, Gujarat 

yellow color 
soft 

3 

Clay D 

Lateritic 

clay 

Dwaraka 

Bet Cliff 
Gujarat 

red color 

3.25 


3.4.2 Test Details 
3.4.2. 1 Grain size 

Seive analyses for sands A and B were done and grain 
size distribution is shown in Fig. 3.2 . Sand B is uni- 
formly graded while sand A is slightly well graded. Hydrometer 
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analysis for clays C and D were conducted and test results 
are shown in Pig, 3.3. 

3. 4. 2. 2 liquid limit and plasticity index 

Liquid limit and plastic limit of clays were determijned 
by conventional procedures. Clay C is having a liquid limit 
of 48 percent and Pi of 23 percent while clay D is having 
liquid limit of 50 percent and PI of 23 percent. 

3. 4. 2. 3 Triaxial tests 

Consolidated drained tests were conducted for sand A 
and sand B using specimens with a density of 1.65 gms/cc. 
Consolidated undrained tests with pore pressure measurements 
were performed for clays. Test data for sands is shown in 
Fig, 3.4 and results in Fig. 3. 5. Sand A is having a 
friction angle of 44 degrees while that for sand B is 45 degrees. 
Figs. 3.6 and 3.7 give the test data and results for clays C 
and D. The effective friction angles for clays C and D are 
23 degrees and 32 degrees respectively. 

3. 4. 2. 4 Direct shear tests 

Direct shear tests were conducted for sand A and sand B 
in loose condition (unit wei^t = 1.49 gm/cc). Results are 
shown in Fig. 3.8, The friction angles for sands A and B 
in loose state are 36 degrees and 37 degrees respectively. 
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which are very less compared to that for dense sand (unit 
weight 1.65 gm/cc) obtained from triaxial tests, 

3. 4. 2. 5 Consolidation tests 

The results of Oedometer tests on sands A and B are 

given in Pig, 3.9. The compressibility index C for sands 

A and B are 0,028 and 0,092 respectively, Ocdo meter tests 

were conducted for clays C and D and 14ie data are given in 

Pig, 3*10. e-log p ciiTves for Clays C and I) are shown in 

Pig. 3.11, Clay C is having a compressibility index C of 

c 

0,256 while that for Clay D is 0,239. 33ie coefficient of 

—2 2 

consolidation, C^ for clay C is 0,746x10 cm /sec for a 

2 2 

pressure increment of 2 km/ cm to kg/ on , C^ for clay I) 

—2 

is found to be 0,8563x10 for a pressure increment of 

1 . 5 kg/ cm^ to 3.5 kg/ cm^ . 

A summary of the test results on sands and clays are 
given in Table 3.2, 

3.5 MODEL TESTS 

3.5.1 Description of the Cell and Other Provisions 

Tests were carried out as described by Coyle and 
Reese (1966) with slight modification in the test set up. 
Pig, 3.1 shows the details of the triaxial cell used. IflJhen 
the confining pressure is applied it is hydrostatic and acts 
in all directions. The pile x-ras held at the centre of the 
specimen, xd.th the aid of txro alum inixmi rings, one at the 



Table 3.2 Conventional test results for 
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top and the other at the bottom. The tip of the pile was 
not constrained from movement and sufficient space was 
provided for the movement of the pile with the aid of a 
pedastal as shown in Fig, 3. 1 . The pile was free to move 
throxjgh the top and bottom aluminium rings with ?.east 
friction and at the same time no soil particles were allowed 
to esca,pe through the gap between the pile and the rings. 
Entering of water into the specimen from bottom was prevented 
by the acrylic base used. To prevent the leakage of water 
from the top, a brass cap with a rubber membrane fixed to 
it and stretched over the top aluminim plate was used 
(Fig. 3.l). 'O’ rings were used to prevent leakage through 

the gap between the rubber membrane and the top and bottom 
plates. Provisions were made for drainage of water through 
the base plate (Fig. 3.1) during consolidation and pile 
loading. During testing, the confining pressure was acting 
on the specimen from all directions and only the pile was 
being axially loaded. 

3.5.2 Types of Piles Used 

Aluminium pipes of outer diameter 21.76 mm and length 
of 240 mm, and Brass pipes of outer diameter 22.2 mm and 
length of 240 mm were used. The length of that portion of 
the pile in contact with soil was 189 mm. The surface of an 
aluminium pipe of outer diameter 21,76 mm was made rough 
by sticking uniform sand of grain size 0.8 mm on the surface 
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with, araldite to mahe a rough pile of mean outer diameter 
of 23.4 mm. Plate No, 3»1 shows the pile-s used for testing. 

3 . 5.3 Preparation of Specimen 

A. Sand Specimens 

Sand specimens of dry density 1.63 gm/cn? were prepared 
in dry condition using a split former in two halves with 
arrangement to create small suction. The pile was held in 
position and the weighed sand was poixred in layers and 
compacted to the required density^ Numher of layers and 
amount of compaction to attain the required density were 
found out hy trial and error. The size of the specimens used 
were of 100 mm diameter and 189 mm in length. Setting up 
of specimen is shown in Pig. 3.1. 

B. Clay Specimens 

% 

Remoulded clay specimens were obtained by resedimenting 
the clay slurry. Two perforated brass cylinders of length 
300 mm and lOO mm inside diameter were put together to form 
one mould. Provisions were made to hold the pile in the 
centre of the cylinder. The slurry was then poured, and 
allowed to sediment and consolidate under desired vertical 
pressure. The samples were tahen out after seven days 
by which time consolidation was seen to be nearly complete. 
They were cut into required size and were used for testing. 
The size of the specimens used were 100 mm in diameter and 


of 189 mm long 
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3.6 TEST PR0GILAM!4E 

Tests were conducted at differ ait confining pressures. 
Loading-unloading and then reloading tests were also per- 
formed under different confining pressures. In the case 
of clay, specimens were tested at different rates of loading 
to see the effects of rate on shaft resistance under a given 
all round press\ire. Rough piles in sand A were tested under 
two different confining pressures. 

3.7 RE SUIT S ML DI SCUSSI ONS 

In this section the load- settlement behaviour of the 
test piles have been presented. The results are categorised 
with respect to the type of the soil. 

3.7. t Sand A 

Tests were conducted under confining pressures of 1,0, 

2 

1.5, 2.0 and 3 kg/ cm at an average strain rate of 
0.036 mm/min. The pile material used was aluminium. The load- 
displacement curves are presented in Pig. 3.12, The curves 
show that the shaft resistance is having a linear relation- 
ship with the pile movement and it reaches a peak value after 
which it dropped off to a residual value. Eig. 3.13 gives 
plots between non-dimensional shaft resistance (ratio of 
shaft resistance to confined pressure) and movement as a 
percentage of pile diameter. The shaft resistance reached 
a peak value at a pile movement of 1.22 to 1.45 percent 
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of "felie pile diameter, except for tiie test under 3 kg/cm^ 
confining pressure for wiiicSi the pile movement was 4.2 per- 
cent . 

It can he seen that the peak pile-soil friction angle 6 
is nearly same for all confining pressures, hut slightly 
increases with the increase of confining pressure. The value 
of the peak pile-soil friction angle ranges from 10 to 
13 degrees where as the residual friction angle is 9.5 degrees. 
The ratio of peak pile-soil friction angle with the internal 
friction angle of the soil, 9 , range from 0.23 to 0 . 29 . 

Two cyclic load tests (loading-unloading-reloading) were 

2 2 

performed under confining pressures of 1 kg/ cm and 1.5 kg/ can . 
The results are presented in Pigs. 3.14 and 3.15. 4n increase 
in the initial modulus is noted for reloading. A considerable 
amount of elastic recovery (about 50 percent) is also noticed. 
The values of the peak pile-soil friction angle are also 
increased by the order of 2 degrees. 

Rough piles which wore made as described earlier in this 

2 

chapter were tested under cjonfining, pressures 0,5 kg/ cm and 
1 kg/cm . Pig. 3.16 gives the test results which indicate a 
considerable increase in the slia,ft resistance. The failure 
undoubtedly occurred not along Ihe soil-pile interface but 
somewhere away from the circumference of the pile. The 
ultimate shear strength of 1he soil might have been mobilised 
away from the pile surface. 
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3.7*2 Sand B 

Tests on sand-B were conducted under confining pressures 

2 p p 

1 kg/ cm , 1,5 kg/cm‘^& 2 kg/cm'^. The tests were conducted at an 
average strain rate of 0.056 mm/min. The results are presented 
in Pigs, 5.17 and 5.18. In "the case of sand B the peak value 
of the shaft resistance was attained at a pile movement ranging 
from 1.78 to 4 percent of the pile diameter. Here also an 
increase in shaft resistance with increase in confining pressure 
was observed. The peak pile-soil friction angle and the resi- 
dual friction angle increased with confining pressure. The 
range of the peak and the residual friction angles are 15.7 to 
16.7 degrees and 8.5 to 10.6 degrees respectively. The ratio 
of the peak pile-soil friction angle to the (p of the soil is 
only 0.56 (average) whereas the values for other sands (eg. 
silica sands) is reported to he more than 0,5 (Botyondy, 1961 ), 

A cyclic test was performed on sand B under a confining 
pressure of 2 kg/ cm which led to an increase in initial modulus 
for the second loading. A peak pile-soil friction angle of 
25 degrees, which is remarkably larger than that of 1iie first 
loading under the same confining press^lre, was noticed. The 
results are presented in Pig. 5.19, 

The graph of peak shaft resistance 7s confining pressure 
for both sands A and B is summarised in Pig. 5.20. The relation 
between the residual shaft resistance and confining pressure is 
also given in the same figure . 
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3.7.3 Clay C 

For clay C teats were conducted to see the effects of 

confining pressure on shaft resistance. The tests were 

conducted with the specimen kept for consolidation under the 

respective confining pressures for a period of two days for 

2 2 2 

cell pressure variation of 0,5 kg/ cm , 0.75 kg/ cm and 1 kg/ cm . 
Pig. 3.21 gives shaft resistance as a function of pile movement 
under various confining pressures. Ratio of shaft resistance 
to confining pressure as a function of pile movement expressed 
as percentage of the pile diameter is presented in Fig. 3.22. 

The peak resistances were reached at an average pile movement 
of 4.8 percent of pile diameter. It can be seen from Pig. 3.22 
that shear strength mobilization along the soil pile interface 
decreases with increase in confining pressure. For example 
for confining pressures 0.5 kg/ cm and 1 kg/ cm the ratios are 
0.42 and 0.303 respectively. 

Tx'^o loading-'-'unloading and then reloading tests were conducted 

2 

on clay C for confining pressures of 0.75 and 1 kg/ cm . The 
results are presented in Pig. 3.23. The maximum shaft resistance 
was higher in cyclic loading tests than that in single~loading 
test. The tests were conducted at an average strain rate of 
0.0025 mm/min. 
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The ratio of the peak* pile-soil friction angle to 9 ’ 

2 

varies from 0.69 for a confining pressiire of 1 kg/ cm to 
0.863 for 0,5 kg/cm^. 

3.7.4 Clay-D 

2 

Under a confining pressiore of 0.75 kg/ an tests -were 
conducted at different strain rates which in turn caused a 
difference in the quantity of water drained out from the 
specimen. The tests were performed after the specimens were 
kept under the same chamher pressure for consolidation for a 
period of two days. Some tests were conducted at' a. high e-f -strain 
rate under the same confining pressure of 0.75 kg/ cm without 
allowing for consolidation, and one of them is presented. Pig. 
3.24 shows the results the results of the tests conducted at 
different rates under a confining pressure of 0.75 kg/ cm . 

The test which was done x^ithout consolidation and at a 
hi^er strain rate gave very small value for the shaft 
resistance, indicating undrained failure. The higher rates 
of loading led to smaller values of shaft resistance because 
of high water content. The water content measured after the 
tests and the rates at xdiich the tests were done are also 
indicated in Pig. 3.24. 

Experiments were conducted under confining pressures of 
0 . 5 , 0.75 and 1 kg/cm at an average strain rate of 0.0025 mm/min 
The test results are shown in Pig. 3.25 with shaft resistance 
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as a function of pile movement for different confining 
pressures. Fig. 3.26 gives the ratio oi shaft resistance to 
confining pressirre as a function of pile movement expressed 
as percentage of pile diameter. As in the case of the sands 
and clay C the shaft resistance reached a peak value and then 
dropped off to a constant residual value at larger pile movements 
It is evident from Fig. 3.25 or 3.26 that the shaft resistance 
is having a linear relationship with the pile movement for small 
pile movements. It was also observed that increase in confining 
pressure led to a decrease in mobilization of shear strength 
along the pile-soil interface. For example for confining 
pressures 0,5 and 1 kg/ cm , the ratios are 0,361 and 0.284 res- 
pectively. 

Cyclic loading tests were performed, on piles in clay D 
under confining pressures 0.75 and l kg/ can , the results of 
which are presented in Fig. 5.27. The ratio of peak pile-soil 
friction angle varies from 0,55 to 0.71 (higher value for lower 
confining pressure). 

A summary of the test results on clays C and I) is 
presented in Fig. 3.28. 

The results of all the model tests are summarised in 


Tables 3.3a and 3.3b 



Table 3.3a Summary of model 'pile teste on sand A and B 
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3.8 CONCLUSIONS 

1 . The ratio of the peak pile-soil friction angle to the 
internal friction angle 9 for calcareous sands A and B 
are found to he very small. The values range from 0,23 
to 0,29 for sand A, and it is from- 0,350 to 0.36 for sand 
B whereas the values for silica sands tested and reported 
arc greater than 0.5. 

2. Sand A gave an average maximum pile-soil friction angle 
of 12 degrees while sand B gave a value of 16 degrees, 
eventhough the internal friction angle 9 for both the 
sands are approximately same (45 degrees). The particles 
of sand A are rounded while that of sand B are angular. 

Also sand A consists of larger percentage of fines than 
sand B. Both -these reasons may account for lesser 
frictional resistance for piles in sand A compared to 
that of sand B. 

3. The cyclic loads on sands A and B gave an average elastic 
recovery of 52 percent for the initial part of the loading. 
The peak friction angle increased hy about 2° for sand A 
and about 8° for sand B due to the effect of cyclic loading. 

4. The mobilization of full shaft resistance occurs at a 
pile movement of 1.2 to 1.5 percent of the pile-diameter 
for pile in sand A except in one case (for =3 kg/om ) 
in which it is 4.5 percent. In the case of sand B the 



mobilization occurs at a pile movement of i ,78 to 4 
porcent of the pile diameter. 

For clays C and D the peak shaft resistance is mobilized 

at a Pile movement of 3.0 to 6.5 percent of the pile dla- 
meter. 

The ratio of the peak pile-soil friction angle to 9 * 
for clay C varies from 0.69 for a confining pressure of 
1 kg/cm^ to 0.863 for 0.5 kg/cm^. in the case of clay D 
the variation is from 0.53 for 1 kg/cm^ to 0,71 for 
0,5 kg/cm^. 

At lower strain rates shaft friction mobilized is 
larger because of the increased time for drainage of water 
from the specimen during the test. 

Sough pile gives significantly large capacities In sand. 
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CHAPTER 4 


IHTERPRBTATIOH OP PILE LOAD TEST DATA 

4.1 INTRODUCTION 

■Pile load tests are conducted for three main purposes 
as Pellenius (1975) mentioned : 

1 ) As a part of research investigation. The results of 

the tests are to he used for analysing the pile hehaviou 
and soil-pile interaction under loads. 

2) As a part of a field investigation at a particular site i 
prior to driving of the contract piles. 

3 ) As a check on contract piles, in which case Ihe contract; 
pile itself is being test loaded, 

Por all the above objectives, the analysis of the test 
data with proper care and accuracy are needed to obtain 
reasonable conclusions. If the pile is test loaded for the 
first purpose mentioned above, in most of the cases the 
pile may be instrumented, which necessitate ^ a large ! 

expenditure. 

The splitting \ip of the total load at a particular 
pile movement into the load taken by Ihe ^aft and that ! 

transferred by the tip w>uld form the major part of Ihe interH 
pretation of pile load test data. 
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The test-load data obtained from the load tests on 
instrumented piles may be useful in arriving at an easier and 
reasonable procedure for separating the shaft and end 
resistances. A semi-empirical approach is proposed as a 
method for the interpretation of pile load test data. A 
brief review of the earlier works and su^estions are given 
in this chapter. An analysis of li/hitaker’s (1966) pile 
load test data is carried out based on which the proposed 
procedure is developed, 

4.2 METHODS AVilLABlE 

Hae concept of the separate evaluation of the shaft 
resistance and the base resistance forms the basis of all 
calculations of pile capacity. The basic equation is 

«u = % + ®s - S 

where ultimate resistance of the pile, is the 

ultimate resistance of the base, Q is the ultimate resis- 

s 

tance of the shaft and ¥ is the weight of the pile. The 
term ¥_ is generally ignored as it is small in relation 

Ir 

to 0^ to form an equation 

= % (4.2) 

The interpretation of the pile test data consists 
of evaluating one of the factors on the HHS of the equation 
(4.2) from the test data, and the knowledge of physical 
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properties of the soil mass. Here the estimation of the 
second term, i.e., the resistance offered by the sides of 
the shaft is considered. Expressions for unit shaft 
friction (f_) in cohesive soils based on undrained shear 

O 

strength have been widely used in the form : 

f = a . S (4.3) 

s u 

where the range of the values for a may be from 0.3 to 
more than 1.0. jin expression 

is being generally used in the case of piles in cohesionless 
soil where Q is ultimate side friction, K is the average 
lateral earth pressure, is the effective over burden 
pressure at pile base level, 6 is the angle of friction 
between the pile and the soil and A_ is the area of the shaft 
in contact wiiii the soil. 

There are several modified relations for skin friction 
of a pile in cx)hesive and cohesionless soils, based on 
effective stress principle and standard test procedures using 
which predeteimination of ultimate shaft resistance is 
possible. Some of the methods sxiggested earlier by others 
to estimate the shaft resistance from a pile load test data 


are reviewed here 
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Van Weele (1957) suggested liiat, since the total skin 
friction remains the same after a certain settlement of the 
pile, any additional increase in load is taken by base of 
the pile. After analysing field data, he concluded that 
a line drawn parallel to the linear portion of the load 
settlement curve at larger settlements throu^ the zero 
settlement point approximately divides the total load 
into shaft resistance and base resistance at any pile 
movement. To apply this method the pile should be loaded 
with significantly large loads. He considered the base 
resistance to increase linearly with the movement of the 
pile, which is not thfe case in general. It was suggested 
that from a load test up to failure, the modulus of 
subgrade reaction could be calculated and used to predict 
the base resistance for other piles in the same site. 

Bazant and Masopust (1980) approach the problem in 
the same w^ and find it reasonable. Pull-out tests were 
suggested by several authors (Mohan and Chandran, 196l). 
When a pile is being pulled out, the total resistance 
offered by the pile is entirely due to the shaft. But 
most of the pull-out-tests gave a aaaller value of ^aft 
resistance than that offered when the pile is under com- 
pressive loads. 
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The cyclic load test is particularly useful for 
separating the load carried by the pile into shaft 
resistance and base resistance (Mohan and Chandran, 1961), 
The elastic compression AL of the pile corresponding to 
any load Q can be calculated from the following expression 
based on Hooke ' s law 

AJj = [Q-Q /2]L/AB (4.5) 

s 

where Q is that part of load taken by sides of the shaft. 

s 

A is gross area of the shaft, E is the elastic modulus of 
the pile and 1 is the length of the shaft* Based on the 
experimental findings of Van Weele (1957) as mentioned, the 
total load Q at any stage can be separated into shaft Q ,and 

S*' 

base ^ resistances,' with the understanding that is 
proportional to pile movements. 

Since Q„ is not known to start with, the elastic 
'S 

compression of the pile is assumed to be zero, and hence 
the elastic compression of the soil S equal to the total 
elastic recovery of the pile top obtained from cyclic load 
test data. 

Plot a curve showing the relationship between Q and 
corresponding elastic recoveries obtained from test data. 

Using the principle of Van Weele, get Ihe shaft resis- 
tances at each loading, and hence the elastic compression of 
the pile using the relation (4,5). 
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Having obtained the elastic compression of ihe soil S_» 

s 

by subtracting the elastic compression of the pile, plot a 

new curve with new values of S and corresponding £1. 

3 

Repeat the procedure of finding out Q , and hence nL 
and 3 till a curve wMch gives a sufficiently accurate 
values for and C^. It has been observed that the third 
trial of curves gives sufficiently accurate results. 

Chin (1977) suggested that in the case of piles 
embedded in soil for which the mobilisation of base resis- 
tance requires relatively large displa-cements as compared 
with that for the mobilisation of shaft friction, the initial 
load acting on the pile will be borne almost entirely by the 
shaft friction. 

Load test data is replotted as ^/'S against an abscissa 
of where a is the pile movement corresponding to a load P. 
He suggests that the initial part of the plot, consists of a 
straightline, the inverse slope of which gives the ultimate 
value of shaft resistance in compression, whereas the inverse 
slope of the second part of the cuive gives the ultimate total 
load on the pile. He analysed the data furnished by ¥ebb 
(1977), Thoybern and Macvical (1970) to see the procedure 


works. 
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Promboon and Brenuer (l980) tried the procedure 
proposed hy Chin for large bored piles in Bangkok clay 
and concluded that the ultimate load of a borod Pile in 
clay can be predicted easily within + 10 percent accuracy, 
from the hyperbolic method. But, the a/P V/s a curves 
did not give the shaft and base resistances separately. 

4.3 MlLYSIS OF raiTUOER'S DATA 

Data of pile loading tests from instrumental deep bored 
cylindrical piles in London clay furnished by Whitaker and, 
Cooke (1966) were analysed to suggest a procedure for 
separating the shaft resistance and the base resistance from 
the overall Load-Settlement curves. Test data on instru- 
mented piles (D,H,k,N,E,L,M and P) were selected for the 
comparison of the estimated shaft resistances with the 
observed ones. 

An attempt to analyse the total load - settlement 
response by considering the hyperbolic relation as suggested 
by Chin (l977) was made. The analysis of Iflaitakers data 
by this procedure revealed that the inverse slope from the 
maintained load test data does not agree v/ith the estimates 
of the ultimate total resistances. The su^estion on 
separating out base and shaft resistances is also not 
found to be reliable for these data. The test data and the 
CO ire spending hyperbolic plots are presented in Figs. 4. 1 to 
4.8 for the piles studied. 
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A theoretical generation of the total load - displace- 
ment curves in attempted, considering the base resistance Vs 
displacement (q^ Vs a ) and shaft resistance vs displacement 
(qg vs a) as hyperbolae. The total resistance of a pile 
can be expressed as 

Q = a +b A + a, +b, A 
s s b b 

where a^ and a^ are inverse of the initial tangents of 
^s ^ curves respectively, and b^ and b^ 

are the inverse of the ultimate shaft and base resistances. 


The above expression can be rewritten as 


= i^ riwy " WeTA ^ ri~av ’' rn-BiA 3 ('>•7) 

Qjj os + 

where 

a = a^/ Ug 
p = 

K = the intial slope of total load-displacement 

1 1 

curve which is equal to ~ + — and 

% 

= the ultimate total resistance which is equal to 



Reasonable values for K and are assumed and for 
different values of a from 1 to 8 load-displacement curves 
and corresponding hyperbolic curves are plotted for a constant 
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value of 1 for f (I’ig. 4.9). For different values of p, 
for -fee same K and values, total load-displacement curves 
and corresponding hyperbolic cuarves are given in Fig. 4.10 
for a equal to 4. It is interesting to note ihat the inverse 
slopes, do not give the ultimate resistances except in two 
cases - a = 1 with p = 1 and a = 8 with p = 4. But the separa- 
tion of the total load into shaft and base resistance is not 
possible using inverse slope method of Chin (1977). 

The data are analysed using the elastic solutions for 
movement of floating piles given by Poulos and Davis (l980). 

The base resistance - base displacement relationship is 
considered to be hyperbolic, and the shaft resistance - 
displacement relationship as elasto-plastic. The idealized 
curves are shown in Fig. 4.11. 


It is considered that the initial tangent K of the load 

settlement curve is representative of the total effect of the 

base resistance and the shaft resistance. The soil modulus 

E is computed from the relation given by Poulose and Davis, 
s 


_ 

P - 1 d 
s 

for floating piles where I = I^R^^Sj^Ry 


(4.6) 


/• p - settlement of pile head 
P - applied axial load 

Iq - settlement influence factor for ' incompressible in 
semi -infinite mass for ^ = 0,5 



77 


- correction factor for pile compressibility 

- correction factor for finite depth, of layer on a 
rigid base 

Ry - correction for Poisson’s ratio 
d -- base diameter of the shaft 

The values for R^, R^, Ryand are given by Poulos and 
Davis (l980). The modulus of the soil is obtained from the 
initial tangent of the total load settlement curve from 

®s=¥^ (4.7) 

This value of E is used to determine the modulus of sub- 

s 

grade reaction, K 2 , at the pile base, assuming the value of 
soil modulus at the level of the pile base to be same as the 
average soil modulus obtained before. To determine the value 
of E 2 » pile base is considered as a rigid loaded area 

embedded at a depth 1 , for which elastic solutions given by 
Poulose and Davis (1974) are valid. 

I = P/2G a 62 (4-8) 

where I is displacement factor, P/ 6 „ modulus of subgrade 

E 

reaction, G, shear modulus = 2 ( ' i ? V) ® radius of the 

rigid area, 

E 2 » initial tangent of the base load-base settlement 

curve is assumed to be dependent on the L/D ratio. As E is 
the total effect of the shaft and base stiffness, the slope 
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of the linear part of the shaft resistances may he obtained 
from : 

= E - K 2 (4.9) 

Many experimental studies concluded that the shaft resistance 
is fully mobilized at relatively smaller pile movements, S^, 
value of which depend mainly on the diameter of 1iie i^aft and 
the soil type, but independent of the pile length. 

Values for IL^f^ computed for incompressible floating 

piles using the equations (4.1) -and (4.3) (Poulos and Davis 
1974,1980) as a function of L/D ratio, ratio of base diameter 
to shaft diameter, a^id of the soil. Pig. 4.12 gives 

E 2 /E values for various values of L/D ratio, ratio and 

The intermediate values may be interpolated. If we know the 
value and the ratio it is possible to separate the 

total ultimate load into the shaft and base resistances using 
the relations 

Qg = (4.10) 

and 

Qg = Q - Qg (4.11) 

Whitaker's data was studied in that light to find the nature 

of the relation that exists between pile diameter and the 

movement at which the shaft resistance is mobilized. Kie 
values of Sq were back figured from the observed ultimate 
shaft resistance in equation (4.10). It is observed, from 



79 


Table 4.1 that for an average value of 0,367 (percent of 
pile diameter) can be used for London clay. According to the 
average ultimate shaft resistances are computed and presented 
in the same table. Observed values of shaft resistances and 
that derived from inverse slope method are also included in 
Table 4. 1 for comparison, 

4.4 PBDPOSED METHOD EOR ESTIMATING SHAET BBSISTAITCE OE PILES 
IN LONDON CLAY 

The procediire is explained in the previous section. The 
steps involved in the method are given below, 

1, Plot the total load-settlement curve and determine the 
initial tangent K. 

2, Using equation (4.7) compute the value of E and 
hence the value of Gg. The design curves furnished by 
Poulos and Davis (l980) (X>uld be used accordingly, 

3. Compute the value for ^2 from the relation (4.8), and 

from = K - K 2 using the curves in Eig. 4.12. 

4. The ultimate shaft resistance is computed using the 

relation Qg = S^. 

The difference between observed total ultimate resistance 
and the ultimate shaft resistance gives 1h.e ultimate base 
resistance. 


5 
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4.5 CONCLUSIONS 

1. Inverse slope method proposed by Chin (1972, 78) did not 
give a reasonable estimation of the ultimate shaft and 
base resistance for the piles in London clay. 

2. A new semi -empirical method is proposed. 



Table 4.1 Analysis of Whitakers Data 
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